We have measured electron drift in amorphous silicon-germanium nip photodiodes using the photocarrier time-of-flight technique. The samples show electron deep-trapping shortly after photogeneration, which is generally attributed to capture by a neutral dangling bond (D 0 ) to form a negatively charged center (D -). An unusual feature is that electron re-emission from the trap is also clearly seen in the transients. Temperature-dependent measurements on the emission yield an activation energy of about 0.8 eV and the remarkably large value of 10 15 Hz for the emission prefactor frequency. We also compiled results on electron emission from deep traps in a-Si:H, a-SiGe:H, and a-SiC:H from six previous publications. Collectively, these measurements exhibit "Meyer Neldel" behavior for electron emission over a range of activation energies from 0.2-0.8 eV and a prefactor range extending over nine decades, from 10 6 to 10 15 Hz. The Meyer-Neldel behavior is consistent with the predictions of the multi-excitation entropy model. We extract a ionization entropy of 20k B from the measurements, which is very large compared to crystal silicon. We discuss this result in terms of a bond charge model.
INTRODUCTION
The capture and emission of photogenerated electrons has been studied in amorphous silicon for over thirty years, typically with transient photocurrent techniques such as time-offlight [1] . In this paper we focus on measurements of the emission time of electrons from deep levels in a-SiGe:H (i.e. the (0/-) transition of a dangling bond). These obey the temperature dependence of the general Arrhenius equation:
Several aspects of these measurements were unusual. Deep level emission is often difficult to observe in time-of-flight measurements. We see it readily because in our samples the activation energies are unusually large (about 0.8 eV), as are the emission prefactors (10 15 s -1 ). When we place these Arrhenius parameters on a scatter plot with all other measurements for amorphous silicon based materials, we find a single "Meyer-Neldel" line extending from 0.2-0.8 eV and from 10 6 and 10 15 s -1 . The slope is consistent with the multiple-excitation entropy model proposed by Yelon and Movaghar [2, 3] , which has been applied with some success to a remarkably wide range of processes and materials [4] . We speculate that our measurements also address the huge range of defect energies and emission rates that are simply assigned to a single defect, the dangling bond. Such variability may be unique to amorphous silicon and related total photocharge generated by a laser pulse, E is the electric field across the sample, and d is the thickness. We interpret the times t E as the emission times for an electron from a deep-trap. materials; it is certainly unexpected from the experience of defects in single-crystal materials. The emission measurements also indicate that the ionization entropy of this defect level is about five times larger than it is for defects in crystalline silicon and other crystals, which suggests that charge state transitions affect nearby chemical bonds much more strongly than in crystals. We suggest that this larger interaction volume is essential to the wide variation in level positions of the dangling bond.
EXPERIMENTAL RESULTS
Hydrogenated amorphous silicon germanium a-SiGe:H nip structures were made with radiofrequency (RF) and very high frequency (VHF) plasma deposition [5] . Some of the specimens' properties are shown in Table 1 . The open-circuit voltage was measured under a solar simulator. The i-layer thicknesses were inferred from dark capacitance measurements using the infrared dielectric constants of similar a-SiGe:H samples; the latter were obtained from interference fringe measurements, which yielded F/cm.
For the experiment, the sample was illuminated through the p-layer by a 3 ns pulsed nitrogen-laser pumped dye laser. The wavelength we used in the experiment was 640 nm; for this wavelength, the absorption depth is 0.12 μm [6] , which is much less than the thickness of the i-layer. The samples were either under short-circuit or pulsed reverse bias of magnitude V.
We present normalized short-circuit photocharge transients for different temperatures in Fig.1 .
is the total photocharge; , the built-in potential , and the "electron deep-trapping mobility-lifetime product"
were determined by a "Hecht analysis" of the photocharge measured at 10 -5 s as a function of the reverse bias voltage [7, 8] . The electron deep-trapping mobility-lifetime product is indicative of dangling bond densities. For the a-Si:H, the correlation of with spin density measurements is consistent with the identification of deep trapping with e -+ D 0  D - [9, 10] . For a-SiGe:H sample, we don't have strong evidence to show the defects are mostly neutral dangling bonds, we do know that the defects in a-SiGe:H are mostly Ge-dangling bonds, even though more than half of the atoms are still Si [11] . The similar values for in for the VHF sample (at high deposition rate) and the RF sample (lower rate) suggests that the defect densities in the two samples were similar.
We now return to discussing the form of the photocharge transients in Fig. 1 . These essentially record the displacement of the electron photocarrier generated at t=0. As can be seen, they consist of several segments. The early time photocharge (before 10 -7 s) is the motion of the electron in the conduction band. At about 10 -7 s the electron's motion is arrested by its capture by a "deep trap", which is generally understood to be a neutral dangling bond [9, 10] . Note that, by definition, the value of the normalized photocharge at 10 -5 s is . The upward bending of the transient marked " " indicates re-emission of the electron. For the highest temperature transient, the electron is finally collected at the bottom electrode at about 10 -4 s. As can be seen in Fig. 1 , the apparent emission time shortens as the temperature increased. In Fig. 2 we graph the inverse of the emission time versus the reciprocal temperature . The straight lines shown on the graph are based on the standard Arrhenius model for emission from a trap:
where is the thermal emission prefactor ("attempt-to-escape" frequency) for the trap and is the activation energy.
DISCUSSION
In Fig. 3 we present a correlation plot for measurements of and for electron traps in a-Si:H, and a-SiGe:H, and a-SiC:H. Table 2 shows that the original measurements involve several different transient and modulated photocurrent techniques, but we don't think this is important. Most of the points represent a-Si:H. Overall, a-SiGe:H and a-SiC:H samples occurred at the higher activation energies, but otherwise there is no sharp distinction between a-Si:H and [17] MPCS: modulated photocurrent spectroscopy [14] . Table  2 ; the symbol shape indicates the material (circle: a-Si:H, square: a-SiGe:H, and diamond: a-SiC:H). the alloy samples. Most evidence indicates that the defect involved is a dangling bond on a silicon or germanium atom [9] . The range of activation energies in this figure is remarkable, and suggests that level positions for the (0/-) transition of a dangling bond vary over most of the bandgap. "Defect pool" arguments have been used to account for the variation in this level position between doped and undoped a-Si:H [9] , but we are unaware of an explanation for the wide range of Fig. 3 in undoped materials.
Over this wide range of activation energies , we observe a reasonably linear correlation between the logarithm of the emission prefactor and . The correlation is an example of a "Meyer-Neldel" relation, which are ubiquitous (see [4] for a recent review). We write:
where is the Meyer-Neldel energy and is MNR prefactor which we will discuss later in the paper. In Fig. 3 we have shown a best fit yielding meV and s -1 . Similar parameters were previously reported based on only 4 of the specimens in Fig. 3 [10] .
There have also been estimates for Meyer-Neldel parameters from electron and hole drift mobility measurements. These involve photocarrier emission from bandtail traps, as opposed to dangling bonds. These give quite different values for the Meyer-Neldel parameters: meV and s -1 for electrons in the conduction bandtail, and meV and s -1 for holes in the valence bandtail [18, 19] . One mechanism that accounts for a Meyer-Neldel relation is the multiple excitation entropy (MEE) model [2, 3] . This model presumes that the activation energy is larger than a typical thermal excitation of the system such as an optical phonon. Several excitations must merge to permit a carrier to be emitted from the trap. In the simplest case, consideration of the entropy of these multiple excitations leads to Meyer-Neldel behavior with , where is the typical value for the excitation. This appears to apply well to hole emission from bandtail traps, for which is close to the energy of an optical phonon in silicon at 63 meV. Interestingly, the smaller value for that we measured for electrons in dangling bonds is more typical of a-Si:H than is the value for hole emission from the bandtail. As summarized in a recent review [4] , defect annealing processes and dark conductivity typically have a value meV. Yelon, Movaghar, and Branz proposed that polaron effects, which are an interaction term between the local electrons with optical phonons, can lower below 60 meV even when optical phonons are the key excitation; they also conclude that acoustic phonons yield values for that are much too small to be consistent with experimental results [3] . Presuming that the polaron mechanism is involved, we would speculate that the proximity of the dangling bond is modifying the nearby conduction band states and the corresponding polaron correction. The other fitting parameter from Fig. 3 is . There are several perspectives on this parameter; we shall use one based on "ionization entropy" concepts. In this perspective, is thought to be related to a fundamental Eyring frequency ⁄ ( s -1 near room-temperature) [20] :
where is the entropy change due to the ionization process. In this case the change involves the entropy of the defect in the 2 charge states, as well as the entropy associated with a free carrier in the conduction band.
Ionization entropies are a source of the temperature-dependence of level positions through [21] , where is the energy required to detach an electron from a D -, creating a D 0 and an electron at the bandedge. For s -1 we obtain (-1.7 meV/K). This can be compared with the "ionization entropy" associated with an electronhole pair. For meV/K, we obtain [22] . For reference, the ionization entropy for defect annealing in a-Si:H reported long ago by Crandall was [23] . We've listed the ionization entropies for several types of silicon materials in Table 3 .
These entropy changes are several times larger than expected from the simplest model, which is that removal or addition of a charge to a bond is roughly equivalent to removing the bond itself. The latter changes the number of degrees of freedom in the solid, slightly changes the entire vibrational spectrum, and thereby modifies the entropy (by roughly ) [24] . As Heine and van Vechten emphasized for crystalline silicon, the measured temperaturedependences are several times larger than expected for breaking of a bond; they comment that "one hole in the most bonding states at the top of the valence band could destroy the bond charge Z B in six bonds, which is our qualitative explanation for the large entropy change" [24] . For c-Si, the ionization entropy change of several deep level defects is approximately the same as for electron-hole pair creation [25] , and a similar discussion applies.
It is intriguing that, while the ionization entropy associated with the temperature-dependence of the bandgaps is about the same for c-Si and for a-Si:H, for the (0/-) transition of the Dcenter is several times larger (20k B ) than for several deep defects in c-Si. In Heine and van Vechten's language, ionization of the defect is "destroying the bond charge" in more than two dozen nearby bonds. The large magnitude of the ionization entropy is perhaps the single most dramatic distinction that has been drawn between defects in crystals and in non-crystalline solids. Of course, the extraordinary range of binding energies for the D-center in Fig. 3 is also unexpected in the context of defects in crystals. 11 -10 13 s -1 , which is similar to the fundamental Eyring frequency. In this paper we've shown that a much larger range of prefactors (10 9 ) has been measured, including some very large values in device-grade materials. There is a fairly good "Meyer-Neldel" correlation with the emission activation energy, which likely reflects "multi excitation entropy" of phonons. A less familiar aspect is the enormous ionization entropy implied by the Meyer-Neldel graph for dangling bond emission when compared with related processes such as bandtail trap emission. We are not aware of any satisfactory explanation for this aspect of the measurements.
